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he clinical importance of tumor sup-

pressor p53 makes it one of the most
studied transcription factors. A compari-
son of mammalian p53 transcriptional
repertoires may help identify funda-
mental principles in genome evolution
and better understand cancer processes.
Here we summarize mechanisms under-
lying the divergence of mammalian
p53 transcriptional repertoires, with an
empbhasis on the rapid evolution of fuzzy
tandem repeats containing p53 response
elements.

Introduction

Phenotype evolution was long thought
to rely mainly on the evolution of pro-
tein-coding sequences. In recent years,
however, global genome sequencing of
various species highlighted the high
level of conservation of coding sequences
between species, and the idea emerged
that regulatory regions may play a critical
role in evolution. It is now well accepted
that changes in gene expression — mainly
due to modification in cis-regulatory ele-
ments — underlie many of the phenotypic
differences between species."? Different
unstable elements can be present in
regulatory regions and modulate the
transcriptional efficiency of enhancers
and promoters. This is also true for the
p53 pathway, which plays a crucial role
in development, genome integrity and
tumor suppression.

The p53 tumor suppressor pathway is
deregulated—through mutation of the
TP53 gene or modifications of its regula-
tors or effectors—in most if not all human
tumors. p53 mainly acts as a transcription
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factor that binds specific response ele-
ments (REs) located in the promoters
or intronic sequences of its target genes.
The consensus sequence for a p53 RE
was initially defined as 2 copies of the
half-site motif RRRCWWGYYY (where
R=G/A, W=A/T,Y = C/T) separated by
0-13 bp.? Recent whole-genome ChIP-seq
approaches further refined this consen-
sus and suggested more precise positional
frequency matrices.*> The conservation
between mice and humans of functional
p53 RE(s) within regulatory sequences
of a candidate gene has often been used
to strengthen the notion that the gene of
interest was a bona fide p53 transcriptional
target, and that its regulation by p53 was
biologically relevant (See ref. 6 for an early
example, and ref. 7 for a more recent one).
While this approach led to the discovery of
many important p53 targets, it also prob-
ably led to an under-appreciation of the
differences between human and murine
p53 transcriptional repertoires. We discuss
below the different mechanisms that may
account for the divergence of mammalian
p53 transcriptional repertoires.

Repeated Sequences and
Divergent Transcriptional
Repertoires

More than half of the human genome is
composed of repeated sequences known
as long and short interspersed nuclear
elements (LINEs and SINEs) that result
from replicative copy and paste events
of retrotransposons. Although most ret-
rotransposons are now fixed in human
cells, a few L1 LINEs and SINEs (mainly
primate-specific Alu sequences) are still
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mobile.® Several arguments suggest that
retrotransposons contributed to shape
the human p53 transcriptional reper-
toire. Wang et al. showed that 1,509 of
~319,000 LTR class I endogenous ret-
rovirus (ERV) in the human genome
have a near-perfect p53 RE. These ERV
are primate specific and can induce the
transcription of nearby genes.” p53 REs
were also found in L1 elements," and
24 out of the 157 demonstrated p53
REs are located within Alu repeats."
Similarly, a fish-specific transposable ele-
ment was recently found to have shaped
the p53 transcriptional repertoire of the
Zebrafish.!?

In addition to transposable elements, a
microsatellite repeat was reported to cause
differential p53 regulation. Human p53
was shown to mediate the transactivation
of PIG3, the p53-induced gene 3, through
binding to the microsatellite (TGYCC) .
It was proposed that the low resemblance
between this microsatellite and a canoni-
cal p53 RE was compensated by the large
number of p53 binding sites resulting
from the repeats.”” Importantly, micro-
satellites are extremely unstable in length,
with mutation rates 10,000 to 100,000
times higher than average mutation rates
in the genome.® The PIG3 promoter
acquired p53 responsiveness due to the
instability of the TGYCC microsatellite:
PIG3 was shown to be a p53 target gene
in Hominidae (human and apes) but not
in monkeys because the P/G3 promoter
contains 14-19 copies of the TGYCC
repeat in the former group, but only 5-6
copies in the latter group.” In humans
the polymorphism of this microsatellite
might also have a clinical significance, as
suggested by the higher grade in invasive
bladder cancers for patients with 14 or less
TGYCC repeats.'

Our team recently described a new
class of repeated sequences that display low
inter-species conservation and are involved
in shaping p53 transcriptional repertoires.
We identified three p53 target genes
induced by the binding of p53 to clusters
of canonical p53 REs within imperfect
repeats called “Fuzzy Tandem Repeats”
(FTRs). Although FTRs are likely more
stable than perfect tandem repeats,” the
sequences of the FTRs diverged among
mammalian species, and the 3 genes were
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identified as p53 transcriptional targets
in murine/rodent cells but not in human
cells.!® As summarized below, differences
between humans and mice in the muta-
tions required to initiate retinoblastoma
were the starting point of these findings.

RbI2/p130 is a p53 Target Gene
in Mouse Cells

The genetic events leading to retinoblas-
tomas differ between humans and mice.
While humans carrying a germline RBI
mutation are predisposed to develop reti-
noblastomas, the deletion of one copy of
RbI in mice does not lead to retinoblas-
tomas, but rather to thyroid and pituitary
tumors."” The development of retinoblas-
tomas in mice requires a concomitant
loss of Rb and one of the Rb-like pro-
teins (pl07 or pl130) in the retina.?** It
was suggested that RbI loss in the mouse
retina does not lead to retinoblastoma due
to a compensatory upregulation of pl07
and a partially redundant expression of
Rb and p130.2¢ We were intrigued by
the fact that pl07-deficient mice with an
RbI deletion in the retina develop non
invasive retinoblastomas with low pene-
trance, whereas similar mice with an addi-
tional retina-specific loss of p53, or with
combined decrease in pl07/p130 levels,
developed aggressive and invasive bilateral
retinoblastomas.?*?® These data led us to
suspect a functional link between p53 and
p130 in the mouse, which could be impor-
tant to prevent retinoblastoma formation
in this species.

Consistent with this, we found that
Rb[2/p130 is induced in a p53-dependent
manner in mouse embryonic fibroblasts
(MEFs) and various mouse tissues, but not
in human fibroblasts.'® We used a posi-
tional frequency matrix to search for puta-
tive p53 REs at the Rb6/2 locus in silico and
were surprised to find, about 1.8 kb down-
stream of the p130 transcription start site,
a cluster of 4 putative p53 REs, two of
which perfectly matched the canonical
sequence for a RE (Fig. 1A). We next used
ChIP experiments and reporter luciferase
assays to show that these clustered p53
REs are crucial for the transactivation of
p130 by p53."® Together, these data dem-
onstrated that R6/2/p130 is a bona fide p53

target gene in mouse cells.
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Fuzzy Tandem Repeats
Containing p53 REs are Poorly
Conserved among Mammals

Importantly, two of the clustered p53
REs in mouse RH/2/p130 had identical
sequences, suggesting that a duplication
participated in the creation of this cluster.
Indeed mreps, a software designed to iden-
tify repeats, detected fuzzy tandem repeats
(i.e., tandem repeats with a few mis-
matches) encompassing the entire cluster
of p53REs (Fig. 1B). Tandem repeats are
known for their high instability and low
conservation among individuals and spe-
cies. However, the purity of the repeats is
highly correlated with the mutation rate,
and even a few mismatches can dramati-
cally enhance the stability of the repeat.”
Therefore, the FTRs in the mouse R6/2
gene were predicted to evolve more rapidly
than non-repeated DNA sequences, but
were likely more stable than perfect tan-
dem repeats.

Consistent with this, when we ana-
lyzed the cluster of p53 REs in 17 mouse
strains,” we found very few polymor-
phisms between the strains, all of which
were unlikely to affect the p53-dependent
regulation of p130 (data not shown). On
the opposite, when we searched for p53
REs 1.5-2 kb downstream of the tran-
scription start site in the Rb/2 gene from
other mammalian species, we found a
single p53 RE in the rat gene—indi-
cating a partial conservation among
rodents, but no p53 RE in the other spe-
cies (Fig. 1C).”® In humans, the region
homologous to the murine cluster of p53
REs contained degenerated p53 bind-
ing half-sites, consistent with the fact
that p53 does not transactivate pl30 in
human cells.”

We hypothesized that other p53 target
genes could be regulated by p53 via clus-
ters of p53 REs and performed BLAST
searches over the entire mouse genome
with the Rb6/2 p53 RE cluster, or with
theoretical clusters of p53 REs. This led
to identify 2 additional p53 target genes:
Ncoal and Kihl26.® As for RbI2, the clus-
tered p53 REs at the Neoal and Kihi26
loci are contained within FTRs whose
sequences are poorly conserved among
mammalian genomes (Fig. 1D). The clus-
tered p53 REs at the K/h/26 locus were
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partially conserved in the rat genome, but
not in primate genomes. Accordingly, p53
transactivated K7h/26 in mouse and rat
cells, but not in human cells. The FTRs
containing clustered p53 REs at the Ncoal
locus appeared to evolve even more rap-
idly, and this gene was transactivated by
p53 only in mouse cells. Together, these
results revealed that the rapid evolution of
fuzzy tandem repeats containing p53 REs
define a subset of species-specific p53 tar-
get genes.'®

Further Analysis of the
p53-Mediated Regulation of Rb/2

We and others have found that p130
is not transactivated by p53 in human
cells.’®3% We were thus initially surprised
by the data from a recent genome-wide
ChIP-seq study which identified Rb/2 as
a novel p53-target gene in human MCF7
cells.”» However a closer examination of
the ChIP-seq data provided an expla-
nation for this apparent contradiction,
as p53 was reported to bind within the
intron 4 of human RA/2.3' Importantly,
Gao et al. previously found that in
Rb-deficient Saos2 cells p53 binds a RE
within the intron 4 of human RbA/2 to
induce a N-terminally truncated isoform
of p130 called S-p130 (S standing for
Short).??

These results led us to further analyze
the regulation of Rb/2 by p53 in mouse
cells. We identified a putative p53 RE
in the intron 4 of mouse Rb/2 (Fig. 2A),
and found that p53 activation in MEFs
induces a p130 mRNA isoform which,
like the human mRNA encoding S-p130,
retains part of the Rb/2 intron 4 (Fig. 2B).
The binding of murine p53 on the p53 RE
within intron 4 was then confirmed by
both ChIP and luciferase reporter assays
(Fig. 2C and D).

Together, these results suggest that
in mouse cells p53 transactivates RbH/2
to produce two isoforms: p130 via clus-
tered p53 REs within FTRs in the intron
1, and S-p130 via a single p53 RE in the
intron 4. In human cells, p53 activation
would only induce S-p130, via the p53
RE in the intron 4. Further analyses will
be needed to determine the functions of
the S-p130 isoform, in both human and
mouse cells.
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Figure 1. Murine p53 transactivates Rb/2/p130, Ncoal and Klh/26 via clustered p53 REs within
rapidly evolving fuzzy tandem repeats. (A) A search for putative p53 REs at the mouse Rb/2 locus
was performed in silico by using Consite (http://asp.ii.uib.n0:8090/cgi-bin/CONSITE/consite) and

a positional frequency matrix. The 2.5 kb downstream of the p130 mRNA transcription start site
(TSS) are shown, with putative p53 REs plotted along the Rb/2 locus as lollipops and greytones
according to Consite scores (black for scores > 15.3, gray for scores between 12.9 and 15.3, and
white for scores between 10.5 and 12.9). Black box: exon 1. The table below the map details the
sequences and positions of the clustered candidate p53 REs (Gtn: greytone according to Consite
score). For detailed methods, see ref. 18. (B) Integrated results of the mreps analysis (http://bioinfo.
lifl.fr/mreps/mreps.php. resolution = 5; error rate < 0.2) of the clustered p53 REs within Rb/2 intron
1. The p53 half-sites are represented in bold italics. Numbers are relative to the TSS. (C) Putative
p53 REs were searched for, by using Consite as in A, at the Rb/2 locus of several mammalian species
(only rodents and primates are shown here - for additional species and detailed sequences, see
ref. 18). (D) Putative p53 REs were searched for, as in A, at the Ncoal and KIh/26 loci of several mam-
malian species (again, see ref. 18 for additional species and detailed sequences).

Conclusions and Perspectives

Evidence that transposable elements
played a major role in shaping differ-
ences between mammalian p53 tran-
scriptional repertoires has accumulated in
recent years. We recently found another
mechanism that may generate such dif-
ferences: the rapid evolution of fuzzy
tandem repeats containing p53 response

elements. So far, we identified only three
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genes belonging to this new class of spe-
cies-specific target genes: Rb/[2, Ncoal and
Kihi26. Importantly, however, current
software programs were not designed to
search for imperfectly repeated sequences
over entire genomes, and we limited our
functional validation of candidate p53 tar-
gets to genes that are expressed in MEFs.
We thus expect that more examples of
species-specific p53 target genes regulated
via FTRs will be found in the near future.
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Figure 2. Murine p53 transactivates Rb/2 via a p53 RE in intron 4 to produce an alternative transcript. (A) Partial genomic structure of human and

mouse Rbl2. p53 REs (Consite scores > 12.9) are represented as lollipops as in Figure 1. The consensus sequence for a p53 RE and for p53 binding sites
(p53 BS) within introns 4 are shown. Numbers are relative to the TSS of the mRNA for the full-length p130 isoform. Arrows represent primers used here
and in ref. 32. (B) WT and p537- MEFs were left untreated or treated for 24 h with 0.5 p.g/ml Adriamycin (Adr) or 20 .M Nutlin 3a (Nut) prior to RNA ex-
traction and real-time PCR quantification. Relative mRNA levels were quantified by real-time PCR. Light gray: p130 mRNAs were quantified with prim-
ers mETF and mE2R (represented in (A), normalized to control mRNAs, then a value of 1 was assigned to mRNA amounts in unstressed WT cells. Dark
gray: S-p130 mRNAs were quantified with primers ml4F (CTT GGT ATA ATG GTG TCT GGT GTC) and mE5R (GGG TTC ACA AGT TCT TTA CGG), normalized
to control mRNAs, then a value of 1 was assigned to mRNA amounts in unstressed WT cells. Notice that, assuming similar PCR efficiency for the primer
sets quantifying each p130 isoform, mRNAs encoding the S-p130 isoform are about 18 times less abundant than mRNAs encoding the full-length

p130 isoform. (C) ChIP assay was performed on Adriamycin-treated MEFs, with an antibody against p53 (FL393, Santa-Cruz), or rabbit IgG as a control.
Immunoprecipitates were quantified by RT-PCR and normalized to background immunoprecipitation by rabbit IgG. The normalized enrichment fold

and additional primer sequences, see ref. 18.

is calculated as p130 immunoprecipitates - primers ChIP-F1/R1 (represented in (A), sequences in ref. 18) or ChIP-F2/R2 (TGT CAC ATG AAG GGC TTT
TTG A and CAA AAC ATT TCC GGT GTC ATG A) -against an irrelevant region. (D) The 3' half of intron 4 of mouse Rb/2 was cloned before a luciferase
reporter gene preceded by a minimum promoter (I4-Luc). The same vector was constructed with the deletion of the indicated p53-RE (I4mut-Luc).
These plasmids were transfected in p537- MEFs alone or with an expression vector for WT p53 (+p53WT) or mutant p53 (+p53R270H) to measure firefly
luciferase activity. Results were normalized to control renilla luciferase. In all figures **p < 0.01 and *p < 0.05 by Student’s t-test. For detailed methods

It will also be important to determine the
impact of FTRs on shaping the target gene
repertoires of other transcription factors.
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